Modification and processing of natural based materials following a green chemistry approach. Natural based polymeric foams doped with ionic liquids as hybrid materials with advanced properties. Characterization of the role of ionic liquids in supercritical fluid foaming process. Preparation of new supports for catalysis, chromatography, micro extraction. 
Introduction
In recent years, there has been a marked increasing interest in biodegradable polymers due to their obvious environment-friendly properties when compared to conventional petroleum derived polymeric materials [1, 2] . Starch is a natural polymer which possesses many unique properties and is one of the most promising biodegradable polymers, readily available from different sources, such as maize, corn or potato. The flexibility of starch based materials can be improved by some approaches, for example blending this polymer with others. Blends of starch with synthetic polyesters have been reported in the literature for different applications that go from food industry and agriculture to biomedical field [3] . Poly-lactic acid is one of the polymers which can be blended with starch and is the product that at the present time has one of the highest potentials due to its availability in the market and its low price [4] . Furthermore, its biodegradation does not present any toxicological concerns. Blends of starch and PLA, when compared to starch, present a more hydrophobic character, lower water permeability and improved mechanical properties [5] . Processing natural-based materials still presents, however, major challenges in polymer science. The combination of supercritical technology with ionic liquids has been suggested as a green approach to overcome the drawbacks of conventional polymer processing techniques [6] . Carbon dioxide is the most commonly used fluid due to its non-toxic properties and to the low operation temperature involved in supercritical processes (Tc = 31°C and Pc = 73 bar) [7] . Ionic liquids (ILs), on the other hand, are organic molten salts, that typically have extremely low volatility and high functionality. ILs are powerful solvents widely used due to their chemical and thermal stability, and high ionic conductivity properties. Although ILs are usually considered as green solvents, there are some drawbacks regarding its use. Besides having a certain level of toxicity, heat and mass transfer problems as well as phase changes may occur in their synthesis. Furthermore, the effect of water content on ILs, can strongly affect their viscosity. Nonetheless, the variety of ionic liquid structures resulting from the numerous possible combinations of cations and anions, may lead in the future to the synthesis of greener and biodegradable solvents [8] . The dissolution of natural polymers in ionic liquids as well as the plasticizing effect of ionic liquids has been reported in different studies. In particular [bmim]Cl, which was the IL studied in this work has been reported to be a good solvent for cellulose [9] , chitin and chitosan [10] and a plasticizing agent of starch [11] . Doping a natural-based polymer with an ionic liquid has been described in literature as strategy to enhance polymer foaming [12] . In the reported work a blend of starch and poly-e-caprolactone was studied and the results suggest the plasticizing ability of the ionic liquid [13] . In the present work we evaluate the characteristics of SPLA dopped with an ionic liquid and the effect of the presence of the IL on supercritical carbon dioxide foaming of the polymer. One of the great advantages of working under supercritical media is the possibility of modifying the morphological and functional properties of polymers by swelling, furthermore, carbon dioxide at high pressure can be impregnated in the polymeric matrix due to the molecular forces that are established between the two species [14] . The supercritical fluid foaming relies on the ability of carbon dioxide to act as a temporary plasticizing agent, lowering the glass transition temperature (T g ) of semi-crystalline polymers [15, 16] . The reduction of the T g is a thermodynamic effect highly dependent on the interactions between polymer-carbon dioxide. Stronger interactions will enhance the T g depression and polymer chain flexibility.
The behavior of different classes of polymers in supercritical carbon dioxide, particularly the manipulation of their physical properties and their selective control has become an area of interest in polymer synthesis and processing. The knowledge of the solubility and diffusion coefficients of carbon dioxide in the polymeric matrix is important for the determination of the best operating parameters and the understanding of the process. Different methods have been reported in the literature for the determination of these parameters and the most commonly used are the use of a quartz micro-balance [15] or a gravimetric or barometric method [16, 17] . In situ spectroscopic techniques have also been reported to be a valuable tool for the quantification of the weight percentage of carbon dioxide dissolved in the polymeric matrix [18, 19] . In this work, a gravimetric method was used to determine the sorption degree and diffusion coefficients of carbon dioxide in the raw SPLA samples and in the samples doped with ionic liquid.
Material and methods

Materials
The polymers used on this study were based on a blend of corn starch and poly (lactic acid) with different compositions of poly (lactic acid) 50 wt% (SPLA50) and 70 wt% (SPLA70). These polymers were obtained from Novamont. The ionic liquid used was 1-butyl-3-methylimidazolium chloride ([bmim]Cl) obtained from Sigma Aldrich. Carbon dioxide (99.998 mol%) was supplied by Air liquide. All materials were used without any additional purification.
Sample preparation
SPLA samples blended with IL were prepared by compression moulding using a Moore Hydraulic Press (UK) at 80°C and 6 MPa for 15 min. Disc shape like samples of SPLA 50 and SPLA 70, with 10 wt% [bmim]Cl were prepared using steel rings (12 Â 2 mm) as mould. Table 1 summarizes the materials prepared.
Supercritical fluid foaming
The porous matrixes were prepared by supercritical fluid foaming (SCF) at 20.0 MPa and 40°C for different soaking times (1, 3 and 6 h). The samples were loaded in the high pressure vessel, heated to the desired temperature by using an electric thin band heater (OGDEN) connected to a temperature controller. Carbon dioxide was pumped into the vessel using a high pressure piston pump (P-200A Thar Technologies) until the operation pressure was attained and the pressure inside the vessel was measured with a pressure transducer. The system was closed in order to promote the foaming of the matrixes. Afterwards, the system was slowly depressurized.
Characterization
Differential scanning calorimetry (DSC)
The DSC experiments were performed using DSC Q100 V9.8 Build 296 apparatus. The samples were placed in aluminum pans and heated at a rate of 10°C/min from 20 to 220°C, cooled to 20°C and heated at 5°C/min until 200°C. Standard calibrations were performed using indium leads.
Compressive and tensile mechanical analysis
Compressive and tensile mechanical analysis of the materials produced were measured using an INSTRON 5540 (Instron Int. Ltd., High Wycombe, UK) universal testing machine with a load cell of 1 kN.
Compression testing was carried out at a crosshead of 2 mm min À1 , until a maximum reduction in sample weight of 60%. The compressive modulus is defined as the initial linear modulus on the stress/strain curves. In tensile mode, the dimensions of the specimens used were 60 mm of length, 1 mm width and 3 mm of thickness. The load was placed midway between the supports with a span (L) of 30 mm. The crosshead speed was 1:5 mm min À1 . For each condition the specimens were loaded until core break. The data presented is the result of the average of at least five measurements.
Infrared spectroscopy (FTIR-ATR)
The infrared spectra of SPLA50 and SPLA70 with and without IL was obtained in transmittance mode, using a Shimadzu-IR Prestige 21 spectrometer equipped with an attenuated total reflection (ATR) system in spectral region of 4400-800 cm À1 with a resolution of 4 cm À1 for 32 scans.
Scanning electron microscopy (SEM)
Porous matrixes prepared were observed by a Leica Cambridge S360 Scanning Electron Microscope (SEM). Cross sections of the specimens were examined after fracturing in liquid nitrogen. The matrices were fixed by mutual conductive adhesive tape on aluminum stubs and covered with gold palladium using a sputter coater.
Micro-computed tomography (micro-CT)
The morphological structure and the calculation of the morphometric parameters that characterize the samples were evaluated by micro-computed tomography (micro-CT) using Scanco 20 equipment (Skyscan 1702, Belgium) with penetrative X-rays of 45 keV and 222 lA for SPLA70 and 53 keV and 189 lA for SPLA50, in high resolution mode with a pixel size of 14 lm and 1.5 s of exposure time. A CT analyzer (v1.5.1.5, SkyScan) was used to calculate the parameters from the 2D images of the matrices.
Sorption measurements
The solubility of carbon dioxide in the polymeric matrixes was measured by a gravimetric procedure similar to that described by Berens et al. [20] . Sorption measurements of carbon dioxide were carried out at the same conditions of the foaming experiments, i.e., 40°C and 20.0 MPa for 1, 3 and 6 h. Briefly, the sample is weighted and loaded into a high-pressure vessel and heated in a thermostatic water bath to the desired temperature (±1°C). Carbon dioxide is liquefied in a refrigerator containing a water/ethylene glycol solution, before being pumped with an HPLC pump (maximum flow 100 mL/min; KNAUER preparative Pump 1800, Berlin, Germany), until the desired pressure is attained. The pressure is measured with a pressure transducer within ±0.01 MPa. At the end of the experiment, the vessel is rapidly depressurized and the sample is transferred to a balance to record weight changes during desorption at atmospheric pressure, during 1 h. A schematic representation of the experimental apparatus is presented in Fig. 1 .
According to a Fickian diffusion the amount of CO 2 dissolved in the polymer follows a linear relationship with the square root of time. Therefore, the amount of CO 2 dissolved in the polymer for each sorption time experiment is taken by the linear regression of desorption data at time zero.
Statistical analysis
Statistical analysis of the data was conducted using IBM SPSS Statistics version 20 software. Shapiro-Wilk test was employed to evaluate the normality of the data sets. The results obtained in this work follow a normal distribution. In this case, one way ANO-VA coupled with the Bonferroni post hoc test was used to determine statistical significant differences. Differences between the groups with p < 0.05 were considered to be statistically significant.
Discussion
Blending is the easier process to associate different polymers together providing a powerful route to obtain materials with improved property performances [21] . Depending on the materials and the processing system used, various structures can be obtained. Doping the polymeric blend with a plasticizer may further enhance their processability, flexibility or ductility. Thus the advances in polymer science may greatly benefit from the study of polymeric blends.
In a first approach we evaluated the dispersion of 10 wt% and 30 wt% [bmim]Ac in SPLA50 and SPLA70, however the mixtures were not homogenous and a phase separation was observed. This fact allows us to infer that the interactions between SPLA and [bmim]Ac are not favorable to the formation of a compatible blend. The same strategy was adopted changing the ionic liquid anion from acetate to chloride. In this case, we observed that in presence of 10 wt% of [bmim]Cl, it was possible to obtain a homogenous mixture. The analysis carried out to understand the interactions between this IL and the polymeric blends were performed in compressed moulded samples doped with 10 wt% [bmim]Cl.
FTIR analysis
The analysis of the interactions between ionic liquid and polymer were firstly assessed by infra-red spectroscopy, which has proved to be an excellent analytical technique for screening and Table 2 . [22] [23] [24] The spectra of the compressed moulded blends are shown in Fig. 2 and the differences observed in the spectra indicate changes in chemical structure upon blending.
The differences observed between the spectra of SPLA50 and SPLA70, are justified by the different composition of starch and PLA present in blends [25] and these correspond mainly to a higher intensity of the characteristic peak of PLA. In case of SPLA50 and SPLA70 blended with [bmim]Cl, it was possible to detect changes in the peak at 1040 cm À1 attributed to CH 3 rocking groups of PLA. This is due to the interactions between the ionic liquid and PLA, which is in agreement with the data found in literature [23] . More noticeable is the increase in intensity of the characteristic peak of starch at 1080 cm À1 , correspondent to the CAOAH group, suggesting that the interaction of [bmim]Cl is stronger with starch than with PLA, corroborating previously reported data [11] . The broad peak in range 3000-300 cm À1 is noticeable higher in case of blends with ionic liquid, demonstrating an increase in the hydrogen bounds, which confirm the interactions with SPLA and [bmim]Cl [13] .
DSC analysis
Thermal characterization of the blends was performed by differential scanning calorimetry analysis. Table 3 presents the values determined for the T g , melting temperature and crystallinity of the different samples. The DSC thermograms of SPLA50 and SPLA70, represented in Fig. 3 revealed two overlapping processes in the endothermic melting peaks which may be a result of different crystal structures of PLA present in blends. The melting peak of SPLA50 was lower than SPLA70, which may be due to the higher weight fraction of starch in the blend. In the presence of ionic liquid the thermograms show a single endothermic melting peak, which lead us to conclude that IL modifies the crystalline structure of the raw material. These observations were valid for both SPLA50 10Cl and SPLA70 10Cl. Regarding the T g of the polymers, observed at 58.0 and 59.4°C for SPLA50 and SPLA70 respectively, are consistent with the data found in literature [25] . The decrease in the T g observed for the SPLA blends doped with ionic liquid suggests that [bmim]Cl can act as a plasticizing agent, decreasing the T g value by almost 10°C in the case of SPLA70. These results are statistically significant.
The determination of the crystallinity of the samples is straightforward and an easy way to obtain information on the properties of semi-crystalline polymers. The degree of PLA crystallinity (X c ) can be determined by the thermal spectra, quantifying the heat associated with melting of the polymer, from Eq. (1):
where DH m is the specific melting enthalpy of the sample, DH 0 m is the melting enthalpy of 100% crystalline of poly(lactic)acid (93 J/g) [26] and w is the weight fraction of PLA in the blend, which is 3.7 ± 0.7 142 ± 51.7 1.0 ± 0.5 SPLA70 4.8 ± 0.6 502 ± 27.6 2.4 ± 0.8 SPLA70 10Cl
3.5 ± 0.5 354 ± 61.5 0.8 ± 0.1 50% and 70% in case of SPLA50 and SPLA70, respectively. The polymer crystallinity refers to the overall level of crystalline component in relationship to its amorphous component. From the results obtained it is clear the effect of ionic liquid on the crystallinity of both polymers.
Compressive and tensile tests
Mechanical tests were performed on the different compressed moulded samples in order to evaluate the effect of ionic liquid in the plasticization of polymer. Jacobsen and coworkers report the effect of different types of plasticizers on the mechanical properties of poly (lactic acid) and a decrease in the maximum tensile stress and in elasticity modulus was observed [27] . Fig. 4 represents the Young modulus of the polymeric samples calculated in compression and tensile mode.
From Fig. 4 and Table 4 we can observe that the mechanical properties of polymeric blends are greatly affected by the addition of a plasticizer, which may indicate an increase of the polymeric chain mobility. The Young modulus is statistically different in the case of raw material and in the presence of ionic liquid (Fig. 4(A) and (B)), confirming the ability of [bmim]Cl to increase chain mobility and promote the plasticization of the structure. The tensile tests revealed also lower elongation at break in presence of [bmim] Cl. This effect is much more pronounced in the case of SPLA50 samples, which confirms the observations from FTIR-ATR that suggested a stronger interaction between IL and starch.
[bmim]Cl has been shown to be an efficient plasticizer of starch, allowing the production of thermoplastic starch by melt processing [11] . Sankri et al. refer in their work that the decrease in Young modulus is due to a reduction of hydrogen bonds between the starch chains in the presence of IL [11] .
Foaming process
The development of porous degradable structures has received great attention for different applications, e.g., insulation foams, packaging and tissue engineering. A wide range of fields may benefit from novel lightweight materials with enhanced properties. SPLA and SPLA dopped samples with ionic liquids were foamed with supercritical carbon dioxide at 20.0 MPa and 40°C. Cross-sections of the samples were analyzed by scanning electron microscopy and micro-computed tomography in order to evaluate the extent of the foaming process in the morphological parameters of the samples. In this experimental work different soaking times were studied in order to evaluate the effect of carbon dioxide diffusion in the morphological characteristics of the matrices prepared. When tissue engineering and biomedical applications are aimed there is the need to remove any residual ionic liquid present in the matrix. The ionic liquid used in this study can easily be leached out by immersing the materials in water or ethanol or by performing a conventional soxhlet extraction [28] .
Morphological analysis
Visual analysis of the cross-section of the samples was carried out by scanning electron microscopy analysis. Fig. 5 shows the cross-section of the SPLA 50 and SPLA50 dopped with IL foamed after different soaking times.
The cross section of samples showed some morphological changes concerning porosity and pore size in presence of [bmim]Cl. The results suggest that the presence of the plasticizing agent is essential for the enhancement of the foaming process. In fact the samples of SPLA did not present any significant differences when compared to the samples that were not foamed. However, a more quantitative analysis has to be carried out. Micro-computed tomography allows quantification at high resolutions of microstructural morphology of the inner structure of the matrices prepared. Fig. 6 shows the different 2D cross-sections and the effect of soaking time on the foaming process.
In presence of [bmim]Cl, micro-CT images revealed that it is possible to obtain porous structures. This effect is more evident in case of SPLA50 than SPLA70 matrix. The soaking time on foaming process is an important parameter which affects the structures obtained. It is expected that with increasing soaking time, more carbon dioxide molecules will diffuse into the bulk of the samples, resulting in higher porosity. Quantitative data may be obtained from the mathematical analysis of the images obtained, in CTAn software. Particularly important is the determination of the porosity of the samples, which was determined for all the samples, with and without IL after the different soaking periods. Fig. 7 illustrates the effect of the soaking time on the porosity of the samples, as well as the differences obtained between SPLA50 and SPLA70. Statistically significant differences were observed when comparing the two polymers for all soaking times tested. Regarding the effect of soaking time on the porosity increase this was only observed in the case of SPLA 50 10Cl for an increase from 1 to 3 h of exposure to carbon dioxide. Different mechanisms are involved in the gas foaming process. The solubility of carbon dioxide in the matrix controls the gas bubble nucleation and the porous structure formation. In this sense, favorable interactions between the polymer chains and gas enhance the foaming process. At the same time the inherent polymer crystallinity of the samples is also a parameter that greatly influences the foaming ability. In the case of semi-crystalline polymers, the crystal domains do not contribute to carbon dioxide sorption. Thermal analysis by DSC of raw and processed materials was carried out to verify the changes in the polymer crystallinity prior and after foaming process. The experimental results presented in Fig. 8 , indicate that the soaking time is an important parameter which affects the crystallinity, promoting the decrease of polymer crystalline domains. The decrease of crystallinity was more noticeable when the ionic liquid was present in the blends. Moreover, it was possible to visualize a higher crystallinity on SPLA70 than SPLA50, as it would be expected due to the higher fraction of starch present in the blend. Liao and coworkers have discussed in their work the competitive effect of carbon dioxide sorption and CO 2 -induced crystallization [29] . The dissolved carbon dioxide within the matrix induces physical changes in the polymer, which are translated in different crystalline structures within the foamed polymer. According to our observations, the crystallinity of SPLA (both SPLA 50 and SPLA70) decreased with the exposure to carbon dioxide at high pressure, which may be explained by the rapid crystallization of the polymer after foaming due to the gas diffusion of the carbon dioxide out of the matrix. The fast crystallization does not promote the formation of highly ordered structures, rendering matrices with lower crystallinity.
On the other hand, the solubility of carbon dioxide in the polymeric blends controls the pore nucleation and structure formation. Therefore, it is expected that the sorption degree of the matrices may be related with the porosity of the structures obtained. The determination of the amount of gas dissolved in the matrices was determined by a gravimetric method.
Carbon dioxide sorption measurements -mathematical analysis
The mathematical treatment of the polymers depends on whether the polymer is in the rubbery or glassy state that is, whether above or below its T g . When the diffusing substance causes extensive swelling of the polymer it exhibits an ''anomalous'' or ''non-Fickian'' behavior. In the case of the samples prepared, no extensive swelling of the matrices was observed, and hereafter, the mathematical analysis of the sorption measurements was performed following Fick's theory of diffusion through isotropic matrices [30, 31] .
Fick's first law of diffusion is based on the hypothesis that the transfer rate of a diffusing substance through a unit of area of a section is proportional to the concentration gradient normal to that section, given by Eq. (2):
Where D is the diffusion coefficient, C is the concentration of the diffusing substance and J is the flux. The second law of diffusion is a differential equation solution of the first law, assuming one dimensional diffusion, i.e., the gradient of concentration only in one direction, along the x axis, represented by Eq. (3):
The simplified solution of Fick's second law (Eq. (4)) describing the time dependence of the diffusing material out of the sample, which in this case has a slab shape of thickness l, and considering that there is a uniform initial distribution and that the surface concentrations are equal is given by:
For a constant sorption the apparent diffusion coefficient can be taken from the slope of the curve ln(1 À (M(t)/M 0 )) as a function of (t/l 2 ), which is a straight line within the normal limits of the experimental error.
Sorption experiments were carried out for SPLA50 and SPLA70 in its raw form and in the presence of 10 wt% [bmim]Cl. For these experiments the sorption degree was obtained as the ratio between the mass of CO 2 in the sample and the total mass (mass of CO 2 plus mass of the polymer sample). To determine the maximum sorption degree, the sorption degree was plotted as a function of t 1/2 and the value for time zero was extrapolated and assumed to be the maximum sorption value (Fig. 9) .
The apparent sorption and desorption coefficients of the different samples were calculated from Eq. (4), as previously described. The values for the maximum sorption degree and the sorption and desorption coefficients for all the studied SPLA samples are presented in Table 5 . The highest sorption degree was obtained for SPLA70 10Cl, with a value of 17.7%. Nevertheless, it can be noted that for SPLA50 10Cl the sorption degree value was 15.7%. Thus, we can assume that although SPLA70 is more crystalline, the sorption of CO 2 is not significantly affected by the higher content of PLA in the samples.
As expected the presence of IL increases the sorption degree in both SPLA70 and SPLA50 with an increase in the sorption value of as much as 6%. In Fig. 10 is represented the ln(M(t)/M 0 ) as a function of t/l 2 for the calculation of the sorption and desorption coefficients. The apparent sorption diffusion coefficient values were about 10-fold higher in the presence of IL, when compared with the raw polymer. As previously reported [17] the apparent desorption diffusion coefficient is higher than the apparent sorption diffusion coefficient; this can be attributed to the fact that the desorption process, i.e., the release of CO 2 from the polymer matrix, is faster than the sorption, since the polymeric chains present a higher mobility and are more flexible after exposure to CO 2 , confirming its plasticizing ability. The lower desorption diffusion coefficient of SPLA50 regarding SPLA70 is in agreement with the previous foaming results. Due to the lower desorption diffusion coefficient, it is harder for CO 2 to diffuse out of the polymer structure during decompression. Therefore the expansion effect is more evident for SPLA50 resulting in a higher foaming degree and consequently in a higher porosity.
Conclusions
In this work, we evaluated the plasticizing effect of [bmim]Cl on supercritical fluid foaming of two different natural-based semicrystalline polymeric blends, particularly SPLA50 and SPLA70. FTIR-ATR spectroscopy has shown interactions between the ionic liquid and the polymeric blend, particularly, the ionic liquid has stronger interactions with starch rather than with poly-lactic acid. According to the results of thermal analysis by DSC, it was possible to determine the decrease in T g of SPLA/ILs blends, more patent in case of SPLA70 than SPLA50.
[bmim]Cl could hereafter be considered as a plasticizing agent, decreasing the T g of the blends and also decreasing the Young modulus of the matrices, which was demonstrated by either compression and tensile mechanical tests. Furthermore, the changes in polymer crystallinity were also determined. The presence of [bmim]Cl decreased the crystallinity of the samples, which may explain the enhancement of the foaming process by supercritical carbon dioxide, that increase from 0% to 14% in the case of SPLA50. From the experiments performed we can also conclude that the soaking time used in foaming process with [bmim] Cl is an important parameter, which has an impact in the porous structures obtained. Sorption experiments allowed the mathematical determination of the apparent sorption and desorption coefficients, which are in agreement with the presence of [bmim]Cl and supercritical carbon dioxide having a plasticizing effect on the polymeric blends, increasing chain mobility.
It was confirmed that the foaming effect is highly dependent on the mobility of the polymeric chains of the SPLA blend (related Fig. 9 . Sorption curves for samples SPLA70, SPLA70 10Cl, SPLA50 and SPLA50 10Cl. with its crystallinity) and on the apparent diffusion coefficient of the solute in the polymer. The lower crystallinity of SPLA50 regarding SPLA70, and the lower desorption coefficient of supercritical CO 2 in SPLA50 justify the high porosity obtained in the foaming of SPLA50 compared with SPLA70.
